Abstract: The molecular mechanisms of phenoxyherbicides action in animals have been insufficiently studied. Now, we have investigated the interaction of sodium salts of phenoxyherbicides, e.g., 2,4-dichlorophenoxyacetic acid (2,4-D-Na), 2,4,5-trichlorophenoxyacetic acid (2,4,5-T-Na) and 4-chloro-2-methylphenoxyacetic acid (MCPA-Na) with human erythrocytes. In this study, we evaluated the effect of these compounds on erythrocyte membrane fluidity as well as changes in membrane proteins content. It was observed that all of the compounds studied altered membrane fluidity, changed the size and shape of the erythrocytes and provoked echinocytes formation. It was also revealed that 2,4-D-Na and 2,4,5-T-Na changed the content of erythrocyte membrane proteins mainly by a decrease in the level of spectrin and low molecular weight proteins. The comparison of the action of phenoxyherbicides examined showed that 2,4,5-T-Na caused the greatest changes in the erythrocytes membrane, whereas MCPA-Na induced the lowest alterations in the incubated cells. It must be noted that changes of the investigated parameters were observed only at presence of significant concentrations of these compounds that may penetrate human organism only as a result of acute poisoning.
Introduction
Numerous animal species including human are exposed to phenoxyherbicides action by consumption of water and edibles (Younes & Galal-Gorchev 2000; Waite et al. 2005) . Rosso et al. (1998) suggested that 2,4-dichlorophenoxyacetic acid (2,4-D) may be transported via blood because it binds to albumins in blood plasma. Although the above mechanism results in an effective detoxification of xenobiotics (conjugation with amino acids and plasma albumins), it also causes the essential disturbances in blood cells function, which may be responsible for death of these cells (Bukowska 2006) . For a few years, we have been investigating the effect of various herbicides on human erythrocytes. Our previous studies have proven that phenoxyherbicides changed the activity of antioxidant enzymes, e.g., superoxide dismutase, glutathione peroxidise, catalase (Bukowska 2006) , and membrane acetylcholinesterase (Bukowska & Hutnik 2006) . It was also revealed that these compounds oxidized haemoglobin (Duchnowicz et al. 2002) . Moreover, previous studies showed that phenoxyherbicides provoked oxidative damage and induced reactive oxygen species formation in human erythrocytes (Bukowska et al. 2008) . Furthermore, discussed compounds induced lipid and protein peroxidation in red blood cells (Duchnowicz et al. 2005; Bukowska et al. 2008) . The studies conducted by Suwalsky et al. (1996) and Bukowska (2004) also illustrated that phenoxyherbicides induced morphological changes in human erythrocytes, which resulted in a formation of echinocytes.
In this work, we decided to look closer into the interaction of phenoxyherbicides with erythrocyte membrane and tried to explain the mechanism of this phenomenon. The aim of this study was to compare the effect of three pesticides, i.e. 2,4,5-trichlorophenoxyacetic acid (2,4,5-T), 2,4-D and 4-chloro-2-methylphenoxyacetic acid (MCPA) on human erythrocytes membrane.
Using the fluorescent probe, 8-anilino-1-naphthalene sulphonate (ANS), we evaluated membrane fluidity on the surface layer of the erythrocyte. This molecule is not able to immerse itself deeply into lipid bilayer, since its negatively charged sulphonic residue remains on membrane surface. ANS is able to bind with proteins, thus it provides the information about the changes in surface fluidity of this part of the membrane. It also gives the information about protein-lipid interactions. Additionally, in this study, the alterations in membrane proteins were studied using electrophoretic method. It is well known that proteins of cell's cytoskeleton and integral membrane proteins maintain the shape of red blood cells, thus we evaluated the changes in the shape and the size of the erythrocytes exposed to phenoxyherbicides using flow cytometry and microscopy. To explain the mechanism of phenoxyherbicides action, we used high concentrations of these substances (ranging from 0.5 to 2 mM), which may penetrate human cells only as a result of acute poisoning. The chosen doses corresponded to the amounts of 2,4-D, 2,4-5-T and MCPA, which induced changes of various biochemical parameters studied in investigations of other authors (Suwalsky et al. 1996; Kaioumova et al. 2001; Duchnowicz et al. 2002 Duchnowicz et al. , 2005 Tuschl & Schwab 2003; Maire et al. 2007 ).
Material and methods

Reagents
Sodium salts of 2,4-D (purity 97.5%), 2,4,5-T (purity 98%) and MCPA (purity 99%) were purchased from Dr. Ehrenstorfer GmbH (Augsburg, Germany). Other reagents were of analytical grade and were purchased from ChemPur (PiekaryŚląskie, Poland) and from Sigma-Aldrich (Poznań, Poland). 2,4-D-Na, 2,4,5-T-Na and MCPA-Na stock solutions were prepared in phosphate-buffered saline (PBS), pH 7.4.
Preparation of erythrocyte suspensions and cell membrane
Human whole blood was obtained from the Blood Bank of Lódź (Poland). Blood was centrifuged (3,000 rpm × 10 min), plasma and leukocyte buffy coat were aspired and the erythrocyte pellet was washed three-times with PBS, pH 7.4. The erythrocytes of 5% hematocrit were suspended in phenoxyherbicides solutions at their final concentrations ranging from 0.5 to 2 mM. Then, they were incubated at 37
• C with continuous mixing for appropriate time. The erythrocytes suspended in PBS were used as a control. For each experiment, both control samples and the samples incubated with phenoxyherbicides were prepared from blood taken from a single healthy donor.
The erythrocyte membrane ghosts were obtained by hypotonic lysis according to the procedure by Dodge et al. (1963) . The erythrocytes were hemolyzed in 20 mM phosphate buffer, pH 7.4, washed several times with 10 mM and then with 5 mM phosphate buffer containing 0.1 mM ethylenediaminotetraacetic acid and 0.1 mM phenylmethylsulphonyl fluoride until hemoglobin was released. All of the operations were carried out at about 4
• C. Protein concentration was determined using the Lowry method with bovine serum albumin as a standard.
Fluorescence measurements
The erythrocyte suspension aliquots were incubated for 10 min at room temperature with the fluorescent probe ANS. The final concentration of ANS was 1 µM in 0.04% haematocrit. The above concentration was chosen for fluorescence measurements in the erythrocytes according to membrane/water partition coefficient and fluorescence quantum yield of the probe. The measurements were made at room temperature using a Perkin Elmer LS-5B spectrofluorimeter. The excitation and the emission wavelengths for ANS were 337 nm and 480 nm, respectively.
Membrane fluidity was assessed by fluorescence anisotropy measurements (Lakowicz 1999) . Fluorescence anisotropy was calculated according to the equation: r = (Ivv -IvhG)/(Ivv + 2IvhG), where Ivv and Ihv represent the components of light intensity emitted, parallel and perpendicular to the direction of the vertically polarized excitation light, and G is the correction factor (G = Ihv/Ihh).
Sodium dodecyl sulphate gel electrophoresis of erythrocyte membrane proteins Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) of the erythrocytes membranes proteins was performed on a running gel at concentrations ranging from 5 to 20%, and on 3% stacking gel by the method of Laemmli (1970) with slight modifications. Forty µg of cell membrane proteins solubilized with β-mercaptoethanol were applied onto polyacrylamide gels. The gels were stained with Coomassie Brilliant Blue R-250 according to Fairbanks et al. (1971) and analysed with DESAGA CD-60 densitometer (Heidelberg, Germany).
Flow cytometry
Control erythrocytes and the erythrocytes incubated with phenoxyherbicides were analysed with a flow cytometer (LSR II, Becton Dickinson). Size and shape of the cells were evaluated with simultaneous separate detection of low angle (FSC-A) and right angle (SSC-A) light scattering. The data obtained were displayed in a form of a diagram of cell number versus light scatter and were analysed by a standard computer program WinMDI 2.8. The light scattered near the forward direction (low angle) is expected to be proportional to the size (volume) of the particle, whereas scattering at the right angle depends on the cell shape and internal properties of the scattered particles (De Groot et al. 1987 ).
Phase contrast microscopy
The erythrocytes after incubation with phenoxyherbicides were diluted with PBS to 0.02% hematocrite, and then immediately placed in Petri dish. The samples were analysed using a phase contrast microscope (Olympus, Japan) at 600× magnification.
Statistical analysis
Statistical analysis was performed with STATISTICA data analysis software 1 (2000 StatSoft, 2 Inc., Tulsa, OK, USA). One-way analysis of variance (ANOVA) with post hoc multiple comparisons procedure (Tukey's test) was used to assess statistical differences in this study. The difference was considered to be significant for P<0.05 and highly significant for P < 0.01. Mean values were calculated from 3 to 10 donors, whereas for each donor an experimental point was a mean value of three replications.
Results
Membrane fluidity
Treatment of the erythrocytes with 2,4-D-Na, 2,4,5-TNa and MCPA-Na provoked a progressive decrease of fluorescence anisotropy for ANS along the increase of the herbicides concentrations. It was noted that all of the compounds studied at the highest concentration (2 mM) caused statistically significant changes in the above parameter (Table 1) . The content of the cell membrane proteins SDS-PAGE was used to evaluate changes in the content of erythrocytes membrane proteins after treatment of the cells with 2,4-D-Na, 2,4,5-T-Na and MCPA-Na. The compounds studied were used at concentration of 2 mM, which was chosen on the basis of our earlier investigations (Duchnowicz et al. 2005; Bukowska & Hutnik 2006; Bukowska et al. 2008) . The electrophoresis gels were measured densitometrically and then the content of protein fractions was evaluated. Figure 1 presents densitogram of the selected control gel. The following protein fractions were identified: spectrin, band 3 protein, band 4.1 protein, band 4.2 protein, actin (band 5 protein), band 6 protein and low-molecularweight proteins. Quantitative analysis of identified protein fractions is summarized in Figure 2 . As it was shown, there were no statistically significant differences between control samples and samples containing membranes treated with MCPA-Na. However, it was noted that 2,4-D-Na and 2,4,5-T-Na in particular, induced strong changes in the content of some protein fractions. Those compounds decreased the level of the spectrin as well as increased the content of low-molecular-weight proteins.
Estimation of morphological changes of the erythrocytes Light microscope and flow cytometry techniques were used to analyse erythrocyte shape and size. The results obtained for control cells and the erythrocytes incubated with 2,4-D-Na, 2,4,5-T-Na and MCPA-Na are summarized in Figures 3 and 4 . Concentration (ppm) 2,4-D-Na 2,4,5-T-Na MCPA-Na Control 100 100 100 0.5 mM 94.9 ± 6.5 93.9 ± 10.1 99.0 ± 10.1 1 mM 90.6 ± 9.8 89.3 ± 9.5 92.1 ± 11.6 2 mM 87.5 ± 8.9 b 82.8 ± 8.4 b 90.3 ± 6.3 b ANOVA I F 3;52 = 7.62; P < 0.001 F 3;52 = 10.42; P < 0.001 F 3;52 = 4.83; P < 0.01 a Data are shown as means ± SD for 8-12 independent experiments. b Statistically significant differences in comparison to control sample (P < 0.01). Fig. 2 . The percentage content of cell membrane proteins in control erythrocytes and the erythrocytes incubated with 2 mM of MCPANa, 2,4-D-Na and 2,4,5-T-Na. Data are shown as means ± SD for 6 independent experiments. The asterisk signifies statistically significant differences in comparison to control sample (P < 0.05). cytometry diagrams (Panel II) obtained for control erythrocytes and the erythrocytes incubated with the herbicides studied. The photos show that there are significant differences in the shape of control erythrocytes and the erythrocytes incubated with 2,4-D-Na and 2,4,5-TNa. Control cells have typical "normal" discoid shape (Fig. 3 , Panel IA), whereas erythrocytes treated with phenoxyherbicides have projection areas characteristic for echinocytes (Banach et al. 2000) . The FSC-A diagrams represent the light scattered near the forward direction of the erythrocytes, which is proportional to the size of these cells. The FSC-A histograms show that population of control cells is homogenous in respect to their size and shape. Scattering curve plotted on FSC-A diagram is smooth, sharp and symmetric. The comparison of scattering histograms obtained by the use of flow cytometry and respective microscope images demonstrated that the erythrocytes incubated with the studied herbicides revealed remarkable morphological changes in comparison to control cells. It was apparent that the erythrocytes treated with MCPA-Na and 2,4-D-Na became larger (Fig. 4) . The peaks positions of FSC-A diagrams moved to higher values. It was also observed that 2,4,5-T-Na caused the opposite effect, as the erythrocytes treated with this compound became smaller. The Figure 4 (left) presents quantitative changes in FSC-A parameter. It shows that 2,4-D-Na and MCPA-Na induced a statistically significant increase in FSC-A parameter after 1 h incubation, whereas 2,4,5-T-Na induced a statistically significant decrease in FSC-A value at the same time. Moreover, it was noticed that 2,4,5-T-Na induced the strongest changes in the discussing parameter.
The SSC-A histograms provide the information about cell shape and the structure of external surface of the cell membrane. The analysis of SSC-A histograms ( Fig. 4; right) showed that the strongest changes were provoked by 2,4,5-T-Na. It was found that 2,4-D-Na and MCPA-Na induced a statistically significant decrease in SSC-A parameter after 1 h incubation, whereas 2,4,5-T-Na induced a statistically significant increase in SSC-A value at the same time.
Discussion
The plasma membrane is a dynamic and complex interface between intracellular and extracellular environment. The factors, which are able to disturb membrane organization, can also induce changes in the shape and function of the cell (Prasanthi et al. 2005) . In this work, we compared the effect of phenoxyherbicides salts, 2,4-D-Na, 2,4,5-T-Na and MCPA-Na, on erythrocytes membrane, which is the first target for action of xenobiotics including pesticides. Fluid properties of biological membranes are essential for maintenance of numerous cell functions including cell growth, solutes transport, signal transduction and the activity of membrane-associated enzymes. Fluorescence anisotropy measurements are widely used as a simple mean of estimating plasma membrane fluidity. A decrease in anisotropy reflects a decrease in lipid order, which is associated with an increase in membrane fluidity. The fluorescent probe ANS binds to phospholipids in such a way that its anionic sulphonate group is oriented towards the hydrophilic head group of the lipid. The use of ANS gives the information about the interaction between proteins and lipids, and thus the fluidity of membrane surface (Lakowicz 1999) . The analysis of anisotropy value for ANS showed that the phenoxyherbicides examined at their highest concentration (2 mM) caused an increase in erythrocytes membrane fluidity (Table 1) , which was surely connected with their impact on protein-lipid interactions. Suwalsky et al. (1996) studied the effect of 2,4-D on dimyristophosphatidylcholine large unilamellar vesicles (DMPC LUV). They observed that 2,4-D was incorporated into DMPC LUV bilayer, deeply penetrated hydrocarbonchains region, and provoked its structural disorder.
It has been proven that numerous xenobiotics including herbicides exert significant effect on plasma membrane by the interaction with its lipids and proteins (Suwalsky et al. 2001; Marczak et al. 2004) . Using SDS-PAGE, we proved that 2,4,5-T-Na and 2,4-D-Na induced changes in membrane protein fractions. Those compounds caused an increase in the content of low-molecular-weight proteins, which was probably the result of the fragmentation of other proteins fractions. Moreover, 2,4,5-T-Na and 2,4-D-Na caused statistically significant changes in the relative amount of some protein fractions, i.e. spectrin (α and β) and lowmolecular-weight proteins, whereas none changes were observed for MCPA-Na. It was also observed that the compounds examined did not provoke a formation of new bands of proteins, e.g. high molecular weight proteins, which suggested that these substances were not able to polymerize proteins of erythrocytes membrane. Our findings are in agreement with the investigations of Duchnowicz et al. (2005) . They used electron spin resonance method to demonstrate changes in erythrocytes membrane proteins after incubation of the cells with phenoxyherbicides and their derivatives. Membrane samples were labelled with a maleimide spin label, which binds covalently to membrane proteins giving a rise to electron spin resonance absorption. The analysis of maleimide spectra proved that phenoxyherbicides caused a decrease in this parameter.
Each change in membrane fluidity as well as in membrane proteins content is able to produce a loss in membrane integrity, which results in a transformation of cell shape, and leads to deformation of a cell and its survival. Spectrin, the predominant component of membrane skeleton of red blood cell, is a key protein, which maintains shape and deformability of these cells (Suwalsky et al. 2001; Farsad & de Camilli 2003; Marczak et al. 2007; Marczak & Jóźwiak. 2008) . The observed changes in the content of spectrin and other proteins of erythrocytes cytoskeleton suggested that phenoxyherbicides might have provoked morphological changes in the cells studied.
Using flow cytometry, we observed that 2,4-D-Na and MCPA-Na increased the size as well as decreased the shape of the incubated cells, whereas 2,4,5-T-Na induced a reversible effect. The foregoing observations were confirmed by optical microscopy (Fig. 3) . It was observed that a biconcave disc shape of erythrocytes was changed as a result of the exposure of the cells to phenoxyherbicides action. All of the compounds examined induced changes in erythrocytes morphology, with the strongest effect observed for 2,4,5-T-Na, and the lowest noticed for MCPA-Na (Fig. 3) . It was revealed that conversion of discocyte into echinocyte, which was observed in the erythrocytes incubated with 2,4-D and 2,4,5-T is usually determined by the site, in which exogenous amphiphile is located in phospholipids bilayer of the cell. It was proven that cationic amphiphiles are mainly bound to internal membrane layer, whereas anionic amphiphiles are anchored to the external layer of the membrane (Iglic et al. 1998) . The site of amphiphiles location depends on their charge, shape of their polar 'head' as well as the length of their alkyl chain (Iglic et al. 2004; Seddon et al. 2004) . Phenoxyherbicides are anionic compounds, which can be located on membrane surface, thus the conversion of the erythrocytes treated with phenoxyherbicides to echinocytes surely resulted from a location of these substances in the external monolayer of cells membrane. The above thesis could be supported by the results obtained for ANS analysis (Table 1) , as well as by observation of changes in the spectrin content (Fig. 2) . Previous investigations performed by Suwalsky et al. (1996) as well as by Bukowska and Zatorska (2003) proved that 2,4-D-Na induced changes in erythrocytes morphology. Suwalsky et al. (1996) used scanning electron microscopy and revealed that normal red blood cells were converted into echinocytes, probably due to a massive insertion of the 2,4-D-Na into the outer lipid monolayer of the plasma membrane.
As early as in 1948, Ponder observed that morphological and pathological changes in the erythrocytes are related with shrinking and hemolysis of red blood cells (Ponder 1948) . Moreover, Duchnowicz et al. (2002) proved that phenoxyherbicides, and 2,4,5-T-Na in particular, induced hemolysis in human erythrocytes. In this work we observed an increase in the size and shape (the increase of FSC-A and SSC-A values) of the erythrocytes incubated with 2,4-D-Na and MCPA-Na (Fig. 2) , which pointed out that hemolysis occurred in these cells. Moreover, we observed that 2,4,5-T-Na at the highest dose induced swelling of the erythrocytes at its lower concentrations, and then it caused shrinking of these cells. These finding may suggest that 2,4,5-T-Na provoked strong hemolysis and necrotic changes in the incubated cells. Cruz Silva et al. (2000) suggested that hemolysis results from modification of erythrocytes membrane proteins, as well as from changes in the framework of cytoskeleton and/or plasma membrane proteins. A disturbance in the structure of erythrocytes membrane, which is provoked by phenoxyherbicides, leads to a direct loss of membrane integrity, and thus facilitates the penetration of other agents into the cell bilayer. Summing up, the comparison of the action of the compounds studied on erythrocyte membrane showed that 2,4,5-T-Na induced the greatest changes in the parameters examined. We suggest that additional chlorine atom present in this compound contributed to more severe changes in morphological parameters of the incubated cells. Similarly, the investigations concerning the effect of phenol, 2,4-dichlorophenol and 2,4,5-trichlorophenol on human erythrocytes, conducted by Bukowska and co-workers, proved that the presence of the third chlorine atom in 2,4,5-trichlorophenol contributed to a significant interaction of this compound with the components of erythrocyte membrane (Bukowska 2004; Bukowska et al. 2009 ). Our results also demonstrated that the most commonly used herbicides, i.e. 2,4-D-Na and MCPA-Na, disturbed function of the erythrocyte membrane, however, only at the highest concentration, which can only penetrate human organism as a result of acute poisoning but not during environmental exposure.
